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Abstract

The TIFY family is a novel plant-specific protein family, and is characterized by a conserved TIFY motif (TIFF/YXG). Our
previous studies indicated the potential roles of TIFY10/11 proteins in plant responses to alkaline stress. In the current study,
we focused on the regulatory roles and possible physiological and molecular basis of the TIFY10 proteins in plant responses
to alkaline stress. We demonstrated the positive function of TIFY10s in alkaline responses by using the AtTIFY10a and
AtTIFY10b knockout Arabidopsis, as evidenced by the relatively lower germination rates of attify10a and attify10b mutant
seeds under alkaline stress. We also revealed that ectopic expression of GsTIFY10a in Medicago sativa promoted plant
growth, and increased the NADP-ME activity, citric acid content and free proline content but decreased the MDA content of
transgenic plants under alkaline stress. Furthermore, expression levels of the stress responsive genes including NADP-ME, CS,
H+-ppase and P5CS were also up-regulated in GsTIFY10a transgenic plants under alkaline stress. Interestingly, GsTIFY10a
overexpression increased the jasmonate content of the transgenic alfalfa. In addition, we showed that neither GsTIFY10a
nor GsTIFY10e exhibited transcriptional activity in yeast cells. However, through Y2H and BiFc assays, we demonstrated that
GsTIFY10a, not GsTIFY10e, could form homodimers in yeast cells and in living plant cells. As expected, we also
demonstrated that GsTIFY10a and GsTIFY10e could heterodimerize with each other in both yeast and plant cells. Taken
together, our results provided direct evidence supporting the positive regulatory roles of the TIFY10 proteins in plant
responses to alkaline stress.
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Introduction

Salt-alkaline stress is one of the most severe environmental

challenges and affects all aspects of plant physiological and

metabolic processes [1,2]. Compared with neutral salt stress, soil

alkalization leads to high pH stress, poor fertility, dispersed

physical property and low water content, and thereby causes much

stronger inhibition of plant growth and development [3–5]. In

recent years, research on plant responses to salt stress have

identified the molecular basis of stress signal transduction

pathways and salt tolerance mechanisms, and have been at the

forefront of plant stress biology [6]. Unfortunately, until now, little

attention has been paid on the molecular mechanisms of plant

responses to alkaline stress [7,8].

Alfalfa (Medicago sativa L.) is an important worldwide

leguminous forage crop and distributes over a wide range of

climatic conditions [9,10]. It has become one of the most

important plants due to its high productivity, high feed value

and potential roles in soil improvement and soil conservation

[11,12]. However, alfalfa yield and symbiotic nitrogen-fixation

capacity were severely restricted by adverse environmental

stresses, especially soil salinity and alkalinity [10,13]. With the

global climate change and the global shrinkage of arable lands, a

grimmer reality of soil salinity and alkalinity is painted. Therefore,

it is of fundamental importance to explore salt/alkaline-tolerant

alfalfa through rational breeding and genetic engineering strate-

gies.

The TIFY family, a novel plant-specific protein family, is

characterized by a conserved TIFY motif (TIFF/YXG), and

comprises 18 members in Arabidopsis and 20 members in rice

[14,15]. It has been well suggested that TIFY genes play important

roles in the jasmonate (JA) signaling pathway [16,17], plant growth

and development[18–21], and pathogen responses [22–24]. For

example, in Arabidopsis, TIFY genes are suggested to negatively

regulate the key transcriptional activator of JA responses [25], such

as MYC2 [26], MYC3, MYC4 [26,27], MYB21, MYB24 [28],

bHLH017 and bHLH003 [29]. Furthermore, AtTIFY4a and

AtTIFY4b regulate lamina size and curvature [30], whereas

AtTIFY1 plays a role in petiole and hypocotyl elongation [31].

Recent research in tomato and tobacco suggested that JAZ

proteins regulated the progression of cell death during host and

nonhost interactions [23].

Recently, several lines of direct evidence supported that TIFY

genes also fulfilled important function in plant responses to
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environmental challenges [32,33]. Overexpression of OsTIFY11a
resulted in increased tolerance to salt and dehydration stresses

[15]. Furthermore, OsTIFY3 acted as a transcriptional regulator

of the OsbHLH148-mediated JA signaling pathway leading to

drought tolerance [34]. Although a series of studies have

demonstrated the biological function of TIFYs in salt and drought

tolerance, little evidence is given on their roles in alkaline stress

responses.

Glycine soja, is a wild soybean species and belongs to the same

family Leguminosae with Medicago sativa. Glycine soja has

extreme excellent tolerance to salt-alkaline stress [35], which

makes it as an ideal candidate for exploring resistant genes and

breeding of transgenic legume crops with superior salt-alkaline

tolerance. In previous studies, we constructed a transcriptional

profile of Glycine soja (G07256) roots in response to alkaline stress

(50 mM NaHCO3, pH8.5) [36], and identified three TIFY genes

GsTIFY10a, GsTIFY10e (also named as GsJAZ2) and GsTIFY11b
as alkaline stress responsive genes. We further demonstrated that

overexpression of GsTIFY10a and GsTIFY10e in Arabidopsis
improved plant alkaline tolerance [37,38]. In contrast, GsTIFY11b
overexpression led to decreased salt tolerance [39]. A genomic

analysis revealed 34 TIFY genes in Glycine soja genome and these

GsTIFY proteins were clustered into two groups [40]. Group I

comprises 9 members containing a GATA zinc-finger domain

(GsTIFY1a, 1b, 1c, 1d, 2a, 2b, 2c, 2d, and 2e), and group II

consists of 25 members without GATA zinc-finger domains.

Among the group II TIFY proteins, GsTIFY10s (10a, 10b, 10c,

10d, 10e, and 10f) and GsTIFY11s (11a and 11b) were clustered

together into one subgroup, here designated as GsTIFY10/11

subgroup. Transcriptional profiles revealed that all GsTIFY10/11

members were dramatically up-regulated at the early stage of

alkaline stress, indicating potential roles of GsTIFY10/11s in

alkaline stress responses.

In this study, we aimed to identify the regulatory roles and

possible physiological and molecular basis of the TIFY10 proteins

in plant responses to alkaline stress. We verified the positive

function of TIFY10s in alkaline responses by using the AtTIFY10a
and AtTIFY10b knockout Arabidopsis. We also demonstrated the

increased alkaline tolerance of transgenic alfalfa ectopically

expressing GsTIFY10a, and investigated the physiological basis

by which GsTIFY10a overexpression conferred to increased

alkaline tolerance. Finally, we determined the transcriptional

activity and dimerization characteristics of GsTIFY10a and

GsTIFY10e in yeast and plant cells. Taken together, our results

provided direct evidence that TIFY10 proteins positively regulated

plant alkaline stress responses.

Results

The TIFY10/11 subgroup in Glycine soja and Arabidopsis
thaliana

As shown in Fig. 1, the TIFY10/11 subgroup comprises 8

members in Glycine soja and 4 members in Arabidopsis. Protein

sequence analyses showed that all TIFY10/11 proteins contained

two highly conserved domains: a ZIM/TIFY domain which

mediated homo- and hetero-dimerization, and a Jas domain which

played a critical role in repression of JA signaling. It is worth noted

that except for GsTIFY10e and GsTIFY10f, all other TIFY10/11

proteins included an N-terminal domain (Fig. 1, Fig. 2C). We

further examined the phylogenetic relationship of TIFY10/11s in

Glycine soja and Arabidopsis thaliana. As shown in Fig. 2A,

TIFY10/11 proteins were divided into two branches (TIFY10 and

Figure 1. Sequence alignment of the Arabidopsis and wild soybean TIFY10/11 subgroup members based on the full-length amino
acid sequences. The conserved N-terminal domain, ZIM domain and Jas domain were marked as solid lines. The TIFY motif (TIFF/YXG) was marked
as a black solid box. Sequences were aligned by using ClustalX, and gaps were introduced to maximize alignment.
doi:10.1371/journal.pone.0111984.g001
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TIFY11). GsTIFY10a and GsTIFY10b, GsTIFY10c and GsTI-

FY10d, GsTIFY10e and GsTIFY10f were closely related with

each other, respectively. Among the TIFY10 proteins, GsTI-

FY10a/b/c/d exhibited high similarity in exon distribution

(Fig. 2B), amino acid sequence and domain architecture (Fig. 2C).

To get better understanding of TIFY10/11s sequence diversity,

we analyzed the species and numbers of the cis-regulatory

elements in their promoter regions. A series of typical elements

related to environmental stress, hormone responsiveness and

transcription factor (TF) binding sites were identified (Table 1),

indicating the involvement of TIFY10/11s in hormone-dependent

environmental stress responses and the regulation of TFs on

TIFY10/11 expression or activity. Among the 33 elements listed

in Table 1, several elements, including ABRELATERD1,

ABRERATCAL, ACGTATERD1, ARR1AT, CACGTGMO-

TIF, DPBFCOREDCDC3, GAREAT, GT1GMSCAM4 and

MYCCONSENSUSAT, were found in all of the TIFY10/11s

promoter regions. We also noticed several elements only existed in

specific TIFY10/11 promoters, for example ABREATRD22,

ABREOSRAB21, ABREMOTIFAOSOSEM, ACGTABREMO-

TIFA2OSEM, ACGTCBOX and ACGTTBOX.

We further checked the responses of GsTIFY10/11s expression

to alkaline stress based on the RNA-seq data. Our results revealed

that expression of all the GsTIFY10/11 genes was rapidly and

greatly induced by alkaline stress. They showed similar alkaline

induced expression patterns, with a maximum point at 1 h after

NaHCO3 treatment (Fig. S1A). Among them, GsTIFY10e and

GsTIFY10f exhibited the greatest alkaline stress induction, while

GsTIFY10a and GsTIFY10b showed the highest expression levels

(Fig. S1B). Taken together, these results strongly suggested the

potential roles of GsTIFY10/11 proteins in alkaline stress

responses.

The AtTIFY10a/b knockout decreased alkaline tolerance
at the seed germination stage

To confirm the regulatory roles of TIFY10 proteins in alkaline

stress responses, we adopted the T-DNA insertion mutant

Arabidopsis of AtTIFY10a (attify10a, SALK_011957) and AtTI-

FY10b (attify10a, SALK_025279) (Fig. 3A). PCR-based analysis

demonstrated the homozygous T-DNA insertion in the attify10a
and attify10b mutants, and RT-PCR results confirmed that the

AtTIFY10a and AtTIFY10b genes did not express in the attify10a
and attify10b mutants, respectively (Fig. 3B).

The wild-type (WT) and mutant Arabidopsis seeds were

germinated and grown on 1/2MS solid medium at pH5.8

(Control) or pH8.5 (Alkaline stress), respectively. As shown in

Fig. 3C, WT and AtTIFY10a/b knockout Arabidopsis seedlings

showed similar growth on 1/2MS solid medium at pH5.8, but

growth of mutant seedlings was inhibited more severely than that

of WT on 1/2MS solid medium at pH8.5. Under alkaline stress,

WT seeds maintained relatively high germination rates (86.5%) on

the 3rd day, but the germination rates of attify10a and attify10b
seeds dropped to 54.2% and 77.0%, respectively (Fig. 3D). These

results suggested that alkaline tolerance of AtTIFY10a/b knockout

decreased at the seed germination stage, and further confirmed the

positive roles of TIFY10 proteins in alkaline stress responses.

GsTIFY10a overexpression in alfalfa enhanced plant
alkaline tolerance

In previous studies, we have demonstrated the involvement of

three GsTIFY genes in salt-alkaline stress, among which

GsTIFY10a could dramatically improve the alkaline tolerance.

In an attempt to generate transgenic alfalfa with superior alkaline

tolerance, we ectopically expressed GsTIFY10a in the wild type

Medicago sativa through the Agrobacterium tumefaciens-mediated

transformation strategy. The GsTIFY10a gene was under the

control of the cauliflower mosaic virus (CaMV) 35S promoter,

with the binding enhancers E12 and omega (Fig. 4A). After

glufosinate selection, the regenerated alfalfa seedlings were

analyzed by PCR and semi-quantitative RT-PCR assays. We

identified a total of six transgenic lines (Fig. 4B), and three of

them, with different expression levels (#12, #13 and #28), were

used to examine the responses to alkaline stress.

We first compared the growth performance of WT and

GsTIFY10a transgenic alfalfa plants under alkaline stress. As

shown in Fig. 4C, under control conditions, transgenic lines

Figure 2. The Arabidopsis and wild soybean TIFY10/11 subgroup proteins. a. Phylogenetic analysis of the Arabidopsis and wild soybean
TIFY10/11 subgroup proteins. A neighbor-joining tree was constructed with the full-length TIFY10/11 protein sequences by using MEGA 5.0. b. Exon/
intron structures of the Arabidopsis and wild soybean TIFY10/11 genes. Exons were represented by blue boxes, and grey lines connecting two exons
represented introns. Both the exons and introns were drawn to scale. c. The distribution of conserved domains within Arabidopsis and wild soybean
TIFY10/11 proteins. The relative positions of each conserved domain within each protein were shown in color.
doi:10.1371/journal.pone.0111984.g002
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showed no obvious differences in seedling growth compared with

WT. After 100 or 150 mM NaHCO3 treatment for 14 d, both

WT and transgenic lines showed growth retardation in a dose-

dependent manner. However, the growth inhibition of transgenic

lines was less severe than that of WT. After 150 mM NaHCO3

treatment, all the transgenic lines could maintain continous

growth, whereas WT plants showed severe chlorosis (Fig. 4C). In

details, the shoot length, ground fresh weight and dry weight of

Figure 3. The AtTIFY10a/b knockout mutant Arabidopsis showed decreased alkaline tolerance at the seed germination stage. a.
Schematic representation of the AtTIFY10a/b T-DNA insertion mutant lines. The exons and introns of the AtTIFY10a/b genes were showed as boxes
and lines, and the T-DNA insertion sites were marked as triangles. b. RT-PCR analyses showing that AtTIFY10a/b did not expressed in the attify10a/b
mutants. c. The growth performance of WT, attify10a and attify10b mutant Arabidopsis under alkaline stress. Arabidopsis seeds were germinated and
grown on 1/2MS medium at pH5.8 or pH8.5. Photographs were taken 6 days after germination. d. Seed germination rates of WT and mutant lines.
Seeds were considered to be germinated when the radicles completely penetrated the seed coats. A total of 90 seeds from each line were used for
each experiment. Data are means (6S.E.) of three replicates.
doi:10.1371/journal.pone.0111984.g003

Figure 4. Overexpression of GsTIFY10a in alfalfa promoted plant growth under alkaline stress. a. Schematic representation of expression
constructs to ectopically express GsTIFY10a in Medicago sativa. b. Semi-quantitative RT-PCR analysis showing the transcript levels of GsTIFY10a in
transgenic alfalfa lines. c. Growth performance of WT and transgenic lines under control conditions or NaHCO3 treatments. d. The shoot length of WT
and transgenic plants. e. The ground fresh weight of WT and transgenic plants. f. The ground dry weight of WT and transgenic plants. For phenotypic
analysis under alkaline stress, the propagated WT and GsTIFY10a transgenic plants with similar sizes (approximately 25 cm high) were treated with 1/
8 Hoagland nutrient solution containing either 0, or 100, or 150 mM NaHCO3 every 3 days for a total of 12 days. Photographs were taken 12 days after
initial treatment. Thirty plants of each line were used for each experiment. Data are means (6SE) of three replicates. Significant differences were
determined by one-way ANOVA (P,0.0001) statistical analysis. Different letters show significant differences between groups as indicated by
Dunnett’s posttests (P,0.05).
doi:10.1371/journal.pone.0111984.g004
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both WT and transgenic alfalfa plants were decreased gradually

with increased NaHCO3 concentration, but transgenic lines were

much taller (Fig. 4D) and displayed more biomass accumulation

(Fig. 4E and 4F) than WT. These results suggested that

overexpression of GsTIFY10a in alfalfa promoted plant growth

under alkaline stress.

To further elucidate the influence of GsTIFY10a overexpression

in alfalfa, several alkaline stress-related physiological and bio-

chemical parameters were analyzed in both WT and transgenic

plants, respectively. It is generally accepted that alkaline stress is

characterized by high pH value, and always causes much stronger

inhibition of plant growth than salt stress [41]. Previous studies

showed that NADP-ME could help to maintain the cytosolic pH

homeostasis[42], and citric acid was an indicator of plant

responses to pH challenge [43]. Therefore, we investigated the

NADP-ME activity and citrate acid content of WT and transgenic

plants, in an attempt to understand the physiological mechanisms

responsible for the increased alkaline tolerance of GsTIFY10a
transgenic alfalfa. As shown in Fig. 5A and 5B, alkaline stress

obviously improved the NADP-ME activity and citrate acid

content in both WT and transgenic lines, however, an obvious up-

regulation was observed in the transgenic lines. These results

indicated that the alleviation of high pH damage in GsTIFY10a
transgenic alfalfa might partially result from the ability to maintain

the cytosolic pH homeostasis through increased NADP-ME

activity and citrate acid content.

As a type of compatible osmolyte, proline plays a critical role in

protecting plants from environmental stresses [44]. Our results

revealed that transgenic alfalfa plants accumulated more free

proline than WT in the presence of 100 or 150 mM NaHCO3

(Fig. 5C). To further test the cell membrane stability, we further

determined the malon dialdehyde (MDA) content of WT and

transgenic plants. Under control conditions, the MDA content of

transgenic lines was similar to that of WT (Fig. 5D). After

NaHCO3 treatment for 14 d, the MDA content of WT were

significantly higher than that of transgenic alfalfa. Collectively,

these results demonstrated that the increased alkaline tolerance of

GsTIFY10a transgenic alfalfa might be related to the elevated

levels of NADP-ME activity, citrate content and proline content,

as well as reduced MDA content.

GsTIFY10a overexpression up-regulated the expression
levels of stress responsive genes

As described above, GsTIFY10a overexpression increased the

NADP-ME activity, citrate content and proline content of

transgenic alfalfa. To explore the molecular basis of GsTIFY10a
in the cytoplasmic pH regulation and osmotic regulation under

alkaline stress, we examined the expression levels of NADP-ME,

CS, H+-Ppase, and P5CS in WT and two transgenic lines (#12

and #13). The real-time PCR results showed that their expression

was greatly induced by alkaline stress in both WT and transgenic

lines (Fig. 6). Expectedly, their expression levels in transgenic

plants were significantly higher than that in WT, which explained

Figure 5. GsTIFY10a overexpression altered several physiological indices of transgenic plants under alkaline stress. a. The NADP-ME
activity of WT and transgenic lines. b. The citric acid content of WT and transgenic lines. c. The free proline content of WT and transgenic lines. d. The
MDA content of WT and transgenic lines. Thirty plants of each line were used for each experiment. Data are means (6SE) of three replicates.
Significant differences were determined by one-way ANOVA (P,0.0001) statistical analysis. Different letters show significant differences between
groups as indicated by Dunnett’s posttests (P,0.05).
doi:10.1371/journal.pone.0111984.g005
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the up-regulation of the NADP-ME activity, citrate acid content

and free proline content in transgenic lines. These results also

implied that GsTIFY10a overexpression promoted the transcript

accumulation levels of the stress responsive genes, which might be

helpful for the intracellular pH homeostasis and osmotic regulation

under alkaline stress.

Increased JA content in GsTIFY10a transgenic lines
TIFY/JAZ proteins are repressors of JA signaling in plants. Our

previous studies revealed that GsTIFY10a overexpression in

Arabidopsis repressed the transcription of JA responsive genes

[38]. Hence, in this study, we determined the JA content in the

transgenic alfalfa lines. As shown in Fig.7, JA contents were

significantly increased in the transgenic alfalfa lines

(F3,8 = 581.042, P = 1.07*1029).

Transcriptional activity assays of GsTIFY10a and
GsTIFY10e

Our previous studies demonstrated that two of the Glycine soja
TIFY10 proteins GsTIFY10a and GsTIFY10e positively regulated

Figure 6. GsTIFY10a overexpression up-regulated the expression levels of several stress responsive genes. a. Increased expression
levels of NADP-ME in transgenic plants under alkaline stress. b. Increased expression levels of CS in transgenic plants. c. Increased expression levels of
H+-ppase in transgenic plants. d. Increased expression levels of P5CS in transgenic plants. To explore the expression patterns of stress-responsive
genes, the 4-week-old WT and transgenic seedlings (line #12 and #13) after shoot cottage were treated with 1/8 Hoagland solution containing
50 mM NaHCO3 (pH 8.5) for 0, 3, 6, and 12 h, respectively. Relative transcript levels were determined by quantitative real-time PCR with the MtGAPDH
gene as an internal reference, and were normalized to WT at 0 h. Values represented the means of three independent biological replicates, and three
technological replicates for each. *P,0.05; **P,0.01 by Student’s t-test.
doi:10.1371/journal.pone.0111984.g006

Figure 7. Increased JA content in GsTIFY10a transgenic plants.
Leaves of WT and transgenic plants were harvested for JA
extraction, and subjected for HPLC analysis to determine the
content of endogenous JA. Each data point represents the mean
(6SE) of three samples from independent sets of plants. Significant
differences were found using one-way ANOVA analysis (P = 1.07*1029).
doi:10.1371/journal.pone.0111984.g007
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plant tolerance to alkaline stress. Both of them were found to

localize at the nuclei of plant cells, indicating that they might act as

transcriptional regulators. To further investigate the molecular

basis of the TIFY10 proteins in alkaline responses, we identified

the transcriptional activity of the GsTIFY10a and GsTIFY10e

proteins. The full-length GsTIFY10a and GsTIFY10e genes were

fused to the GAL4 DNA-binding domain in the pGBKT7 vector,

and then introduced to the yeast reporter strain AH109. The

AtbZIP1 transcription factor, which showed transcriptional

activity in yeast cells, was used as a positive control [45,46]. LacZ

activity was assessed by using the b-galactosidase filter lift assays.

As shown in Fig.8, only the recombinant yeast cells carrying the

AtbZIP1-BD vector displayed LacZ activity. These results implied

that neither GsTIFY10a nor GsTIFY10e showed transcriptional

activity in yeast cells.

Dimerization analyses between GsTIFY10a and
GsTIFY10e

It has been suggested that the ZIM domains mediated homo-

and heterodimerization of the TIFY proteins [47]. To verify if

GsTIFY10a and GsTIFY10e could form homodimers or hetero-

dimers with each other, we performed the yeast two hybrid

analyses. The AtbZIP63 transcription factor, which formed

homodimers in plant cells [48], was used as a positive control.

As shown in Fig.9A, the yeast cells carrying GsTIFY10a-BD/

GsTIFY10a-AD, GsTIFY10a-BD/GsTIFY10e-AD, GsTIFY10e-

BD/GsTIFY10a-AD and AtbZIP63-BD/AtbZIP63-AD (positive

control) were capable of growth on the both SD/-Trp-Leu and

SD/-Trp-Leu-Ade-His medium. However, the yeast cells harbor-

ing GsTIFY10e-BD/GsTIFY10e-AD, GsTIFY10a-BD/AD (neg-

ative control), GsTIFY10e-BD/AD (negative control) could not

grow on the SD/-Trp-Leu-Ade-His medium. These results

demonstrated that GsTIFY10a, not GsTIFY10e, could form

homodimers, and GsTIFY10a and GsTIFY10e could hetero-

dimerize with each other in yeast cells.

To further verify their physical interaction in living plant cells,

we performed the bimolecular fluorescence complementation

(BiFC) assays. To this end, we fused GsTIFY10a to the N-

terminal YFP fragment and GsTIFY10a/e to the C-terminal YFP

fragment, to generate GsTIFY10a-YFPN and GsTIFY10a/e-

YFPC constructs, respectively. GsTIFY10a-YFPN/GsTIFY10a-

YFPC and GsTIFY10a-YFPN/GsTIFY10e-YFPC were co-trans-

formed into Arabidopsis protoplasts, respectively, and the empty

YFPN/YFPC was used as a negative control. As shown in Fig. 9B,

YFP fluorescence was observed from protoplasts co-transformed

with GsTIFY10a-YFPN/GsTIFY10a-YFPC and GsTIFY10a-

YFPN/GsTIFY10e-YFPC, but not from YFPN/YFPC. The BiFc

results confirmed the homodimerization of GsTIFY10a, as well as

the heterodimerization between GsTIFY10a and GsTIFY10e in

plant cells.

Discussions

The TIFY protein family, characterized by a highly conserved

TIFY motif, constitutes a particular class of plant-specific

transcription factors with a broad range of biological functions.

According to their distinct domain architectures, TIFY proteins

could be classified into four subfamilies: the TIFY subfamily

containing only the TIFY domain, the JAZ subfamily containing

the TIFY domain and the Jas domain, the PPD subfamily

containing the PPD, TIFY and a truncated Jas domain, and the

ZML subfamily containing the TIFY, CCT and ZML do-

mains[14]. Among them, the JAZ subfamily proteins could be

further clustered into five groups (group I-V) [14]. The first group

(group I) is composed of the TIFY10 and TIFY11 proteins. In this

study, we focused on the group I TIFY proteins in Arabidopsis and

wild soybean. All of the group I TIFY proteins contained the

conserved TIFY and Jas domains (Fig. 1, 2), which was the

canonical characteristic of JAZ subfamily. It is noteworthy that

except for GsTIFY10e and GsTIFY10f, all other TIFY10/11s

included an N-terminal domain (Fig. 1, 2).

Figure 8. Transcriptional activity analysis of the GsTIFY10a and GsTIFY10e proteins. a. Transcriptional activity analysis of GsTIFY10a. b.
Transcriptional activity analysis of GsTIFY10e. The pGBKT7-GsTIFY10a and pGBKT7-GsTIFY10e vectors were transformed into the yeast reporter strain
AH109, and LacZ activity was assessed by using the b-galactosidase filter lift assays. The AtDREB1A transcription factor was used as a positive control.
doi:10.1371/journal.pone.0111984.g008
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The best-characterized TIFY10 protein is the Arabidopsis

TIFY10a/JAZ1, which was found to play a critical role in JA

signaling. In the absence of JAs, JAZ1 interacts with and represses

the downstream transcriptional activators, such as MYC2 [26],

MYC3, MYC4 [27], MYB21, MYB24 [28], bHLH017 and

bHLH003 [29], which control the expression of JA-responsive

genes. In the presence of JAs, AtTIFY10a protein is recognized

and degraded by the SCF (COI1) E3 ubiquitin ligase, releasing the

downstream transcription factors [49]. Jasmonoyl isoleucine (JA-

Ile) and coronatine could promote the physical interaction

between JAZ1 and COI1, and the C-terminal Jas domain of

JAZ1 is critical for JA-Ile/coronatine-dependent interaction with

COI1 [49,50]. Recently, a transacting factor AtBBD1 was

suggested to interact with AtTIFY10a and bind to the JARE

element upstream of the JA responsive gene AtJMT [51]. In

addition to the negative regulatory role in JA signaling pathway,

AtTIFY10a was also reported to be involved in phytochrome A

[52] and auxin signaling [53]. Furthermore, AtTIFY10a physically

interacted with ICE1 and ICE2 transcription factors, repressed the

transcriptional function of ICE1, and thereby affected plant

freezing stress responses [33]. However, no direct evidence

supporting its role in alkaline stress responses was reported until

now.

Recently, the systemic transcriptional analyses and several lines

of genetic evidence suggested the potential regulatory roles of

TIFY10/11s in plant responses to environmental challenges

Figure 9. Dimerization assays of the GsTIFY10a and GsTIFY10e proteins. a. Dimerization analyses between GsTIFY10a and GsTIFY10e in
yeast cells. Pictures showed the growth performance of recombinant yeast cells harboring different plasmids on SD/-Trp-Leu and SD/-Trp-Leu-Ade-
His medium. The AtbZIP63-BD/AtbZIP63-AD combination was used as a positive control, and the GsTIFY10a-BD/AD and GsTIFY10e-BD/AD
combinations were used as negative controls. b. Dimerization analyses between GsTIFY10a and GsTIFY10e in living plant cells. The YFPN/YFPC
combination was used as a negative control. Pictures showed the YFP fluorescence, chlorophyll auto-fluorescence, light and overlay visions.
doi:10.1371/journal.pone.0111984.g009

Positive Roles of TIFY10 Proteins in Response to Alkaline Stress

PLOS ONE | www.plosone.org 11 November 2014 | Volume 9 | Issue 11 | e111984



[15,33]. Our previous research also revealed the alkaline stress

induced expression of Glycine soja TIFY10/11 genes [36,40],

which was further confirmed by the RNA-seq data (Fig. S1).

Consistently, we also observed some cis-regulatory elements

related to environmental stress response in the TIFY10/11s

promoters (Table 1). In addition, we also found elements involved

in hormone responsiveness, suggesting the crosstalk between

environmental stress and hormone signal. Several elements were

common to all TIFY10/11s, implying that TIFY10/11 proteins

were involved in the same signal transduction pathway. Remark-

ably, several elements only existed in specific TIFY10/11

promoters, which might indicate the specific response of

TIFY10/11s to environmental stress.

Among the eight GsTIFY10/11 genes, overexpression of

GsTIFY10a and GsTIFY10e in Arabidopsis obviously improved

plant alkaline tolerance [37,38], while GsTIFY11b overexpression

led to decreased salt tolerance [39]. In this study, we suggested the

positive roles of AtTIFY10a/b in plant tolerance to alkaline stress

by using the plate germination assays (Fig. 3), further supporting

the important roles of TIFY10s in plant alkaline stress responses. It

is worth to note that, under the same alkaline stress treatment,

attify10a (54.2% on the 3rd day) exhibited relatively lower

germination rates than attify10b (77.0%), indicating a more

important role of AtTIFY10a than AtTIFY10b in alkaline stress

responses.

In the current study, we also transformed the GsTIFY10a gene

into Medicago sativa in an attempt to obtain transgenic alfalfa with

superior alkaline tolerance. Our results demonstrated that

GsTIFY10a overexpression dramatically promoted growth of

transgenic plants under alkaline stress. GsTIFY10a transgenic

lines displayed much better at shoot height, ground fresh weight

and dry weight than WT under alkaline stress (Fig. 4), which was

in line with the better growth performance of GsTIFY10a
transgenic Arabidopsis [38]. Furthermore, we also investigated

the potential physiological and molecular basis of GsTIFY10a in

response to alkaline stress (Fig. 5, 6). Firstly, GsTIFY10a
overexpression could help plant to deal with the high pH damage

by up-regulating the NADP-ME activity and citrate acid content

(Fig. 5). The up-regulation of NADP-ME and CS gene expression

in transgenic plants might be helpful to explain the increase of

NADP-ME activity and citrate acid content (Fig. 6). Meanwhile,

we also observed an obvious increase of H+-ppase expression in

transgenic lines under alkaline stress (Fig. 6), which was also

helpful for maintaining the cytosolic pH homeostasis. These results

were consistent with our previous observation that GsTIFY10a
overexpression up-regulated the expression of NADP-ME and

H+-ppase in Arabidopsis [38]. Secondly, GsTIFY10a overexpres-

sion led to greater proline accumulation (Fig. 5) and up-regulated

expression of the P5CS gene (Fig. 6), which encodes a key enzyme

in the proline biosynthesis process. Proline serves as a compatible

osmolyte, molecular chaperone and ROS scavenger in plant

responses to environmental stress [54]. The increased accumula-

tion of free proline in GsTIFY10a transgenic lines might be of

great importance for the effective osmo-regulation and ROS

scavenging of plant cells under alkaline stress. In addition,

GsTIFY10a transgenic lines displayed lower levels of MDA

content under alkaline stress (Fig. 5D). MDA is widely recognized

as an indicator for lipid peroxidation resulted from the elevated

ROS accumulation in plant cells [55]. The decreased MDA

accumulation also indicated the more effective adaptation of

transgenic plants to ROS damage caused by alkaline stress. Taken

together, we speculated that GsTIFY10a overexpression is of

fundamental importance for the cytosolic pH regulation, osmo-

regulation and ROS scavenging by regulating the related gene

expression and enzyme activity, and thereby promoted plant

growth under alkaline stress.

A great number of studies have demonstrated that JA signaling

is critical for plant stress responses and TIFY proteins are involved

in plant tolerance to both biotic and abiotic stresses such as

wounding [52,56], pathogen [23,57], drought stress [15,34], and

salt stress [20,32]. Our studies suggested the involvement of TIFYs

in alkaline stress responses and the crosstalk between alkaline stress

and JA signaling [37,38,40]. All of the GsTIFY10/11 genes were

dramatically up-regulated at the early stage of alkaline stress

treatment (Fig. S1). Overexpression of GsTIFY10e/JAZ2 signif-

icantly improved plant alkaline stress tolerance [37]. Knockout of

AtTIFY10a and AtTIFY10b also inhibited seed germination

under alkaline stress (Fig. 3). Furthermore, GsTIFY10a expression

was greatly induced by both alkaline stress and MeJA treatment

[38].

In addition to the increased alkaline tolerance, GsTIFY10a
overexpression in Arabidopsis conferred MeJA insensitivity.

GsTIFY10a repressed transcription of the JA responsive genes

such as PDF1.2 (Plant Defensin 1.2), VSP2 (Vegetative Storage

Protein 2), AOS (Allelen Oxide Synthase) and LOX2 (Lipoxygen-

ase 2), whose expression was also induced by alkaline stress.

However, in the present study, we found that JA contents were

significantly increased in the transgenic alfalfa lines (Fig.7). As we

know, environmental stress could stimulate the biosynthesis of JAs.

The elevated JAs levels promoted the interaction of TIFY/JAZ

with SCFCoI1, which led to degradation of TIFY/JAZ proteins,

and subsequently release of the targeted TFs. Activation of TFs

induced transcription of JA-responsive genes, and the newly

synthesized TIFY/JAZ proteins could restore the repression of

TFs. The GsTIFY10a transgenic lines always kept high levels of

GsTIFY10a proteins, which repressed the TFs activity and JA

signaling. Hence, plants need to synthesize more JAs to degrade

the GsTIFY10a proteins. Collectively, these results strongly

suggested the crosstalk between alkaline stress and JA signaling.

Molecular basis of the hypothesis that TIFY10 proteins mediate

alkaline stress responses through JA signaling need be further

studied.

The JAZ proteins were suggested to act as transcriptional

repressors in JA signaling because they do not contain a known

DNA binding domain. Due to the nuclear localization of several

JAZ subfamily members [25,58], it is proposed that they might

exert their effect on gene expression through protein interaction

with transcription factors. Our previous revealed that, like other

JAZs, GsTIFY10a and GsTIFY10e localized in the nuclei of plant

cells. In this study, we found that GsTIFY10a and GsTIFY10e

showed no transcriptional activity in yeast cells (Fig.8), indicating

them as transcriptional repressors. On the other hand, it has been

well demonstrated that the ZIM domains of JAZ/TIFYs mediate

formation of homo- and heteromeric complexes [59]. For

example, the Arabidopsis JAZ1/TIFY10a and JAZ2/TIFY10b

could form homodimers and heterodimers [59]. In this study, by

using the Y2H and BiFc technologies, we found that GsTIFY10a

could form homodimers, as well as heterodimers with GsTIFY10e,

while GsTIFY10e could not homodimerize (Fig.9). Similarly, in

case of Arabidopsis JAZs, JAZ7, JAZ8, JAZ9, JAZ11, and JAZ12

could not homodimerize, but JAZ9 and JAZ12 could form

heterodimers with other JAZs [59].

In summary, here we provide novel insights into the regulatory

roles and potential molecular basis of TIFY10 proteins in plant

responses to alkaline stress. We obtained the transgenic alfalfa with

superior alkaline tolerance by ectopically expressing GsTIFY10a,

and investigated the possible physiological and molecular mech-

anism by which GsTIFY10a regulated plant alkaline tolerance.
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For now, the GsTIFY10a transgenic alfalfa is at the stage of the

‘‘biosafety evaluation of genetically modified organisms’’, and will

provide a bearing on future aims at salt-alkaline soil management.

Materials and Methods

Plant materials and growth conditions
Seeds of the wild type Arabidopsis thaliana (Columbia ecotype),

attify10a (SALK_011957) and attif10b (SALK_025279) mutant

lines were kindly provided by the European Arabidopsis Stock

Centre (UK). Both WT and mutant Arabidopsis seeds were

germinated and grown in standard nutrient solution as described

by Tocquin et al. (2003). The Arabidopsis seedlings were

maintained in a greenhouse under controlled environmental

conditions (21–23uC, 100 mmol m22 s21, 60% relative humidity,

16 h light/8 h dark cycles).

Alfalfa (Medicago sativa L. cv. Nongjing No. 1, a local species)

was used in this study, and was kindly obtained from Heilongjiang

Academy of Agricultural Sciences (Harbin, China). Alfalfa was

grown in a greenhouse under controlled environmental conditions

(24–26uC, 600 mmol m22 s21, 80% relative humidity, 16 h light/

8 h dark cycles).

Seed germination assays of AtTIFY10a/b knockout
Arabidopsis

Homozygous T-DNA insertion mutant Arabidopsis was ob-

tained by using a PCR-based method as described previously [60].

Briefly, the gene specific primers across the T-DNA insertion sites

of attify10a and attif10b mutant (59-TGCGATCCAGCCAA-

AGCGTCT-39 and 59-GAGTATTTGATAGTATGGTTCGT-

CAACAA-39 for attify10a, 59-TGAGAAGAGGAAGGATAGG-

TAATGCAT-39 and 59-CAAGCTAATGTTGAGATCGGCA-

GAG-39 for attify10b) were used for homozygous identification. T-

DNA insertion was confirmed by PCR amplification with the

following primers (59-TGCGATCCAGCCAAAGCGTCT-39 and

59-GATTTGGGTGATGGTTCACGTAGTG-39 for attify10a,

59-GAGAAGAGGAAGGATAGGTAATGCAT-39 and 59-GAT-

TTGGGTGATGGTTCACGTAGTG-39 for attify10b).

RT-PCR analysis was used to confirm the silence of AtTIFY10a
and AtTIFY10b genes in the T-DNA insertion mutants. The

following gene specific primers were used (59-TGCGATCCAGC-

CAAAGCGTCT-39 and 59-GAGTATTTGATAGTATGGTT-

CGTCAACAA-39 for AtTIFY10a, 59-TGAGAAGAGGAAGGA-

TAGGATCACATC-39 and 59-CAAGCTAATGTTGAGATCG-

GCAGAG-39 for AtTIFY10b).

For plate germination assays under alkaline stress, seeds of WT

and mutant lines were surfaced-sterilized with 5% sodium

hypochlorite (NaClO) for 6–8 min with shaking, washed with

sterilized distilled water for 6–8 times, and kept at 4uC for 3 days

to break seed dormancy. After that, WT and mutant Arabidopsis
seeds were sown on 1/2 MS agar medium with 1% (w/v) sucrose

and 0.8% (w/v) agar at pH5.8 (Control conditions) or pH8.5

(Alkaline stress). The germination percent was recorded for

consecutive 6 days after sowing, and pictures were taken to show

the growth performance of each line. Ninety seeds from each line

were used for each experiment and the experiments were repeated

for three times.

Generation of GsTIFY10a overexpression transgenic
alfalfa

In order to investigate the effect of GsTIFY10a on alkaline stress

tolerance, GsTIFY10a was cloned into the pBEOM plant

expression vector, and was under the control of the cauliflower

mosaic virus (CaMV) 35S promoter, with the binding enhancers

E12 and omega. The Bar gene was used as the selectable marker.

The recombinant vector pBEOM-GsTIFY10a was introduced

into Agrobacterium tumefaciens strain EHA105, and then intro-

duced into Medicago sativa by using the cotyledonary node

method as described previously [13]. Briefly, alfalfa seeds were

surface sterilized with 70% ethanol for 1 min, 0.1% (v/v) HgCl2
for 15 min, and then washed with sterilized water for 3–5 times.

Sterilized seeds were germinated and grown on 1/2MS medium

for 8 days, and then seedlings were aseptically excised at the

cotyledonary node position as explants. The explants were infected

with A. tumefaciens EHA105 for 15 min, and placed vertically

into MS medium (pH 5.2) containing 1 mg L21 6-benzylamino-

purine (6-BA) and 100 mM L21 acetosyringone for 3 days. After

that, explants were washed in liquid MS medium (pH 5.8)

containing 1 mg L21 6-BA, 0.5 mg L21 glufosinate and 100 mg

L21 amoxicillin. Then explants were transferred onto solid MS

medium (pH 5.8) containing 1 mg L21 6-BA, 0.5 mg L21

glufosinate and 100 mg L21 amoxicillin, and grown for another

14 days to form the glufosinate-resistant regenerated shoots. The

regnerated shoots were then transferred to new solid medium as

described above, and grown for another 14 days. Elongated shoots

were then transferred to new 1/2MS medium only containing

100 mg L21 amoxicillin, until roots appeared.

The regenerated alfalfa plants were then transplanted into soil

under controlled conditions and confirmed by PCR analysis using

CaMV35S promoter specific forward primer and Bar gene

specific reverse primer (59-TGCACCATCGTCAACCACTA-

CATCG-39 and 59-CCAGCTGCCAGAAACCCACGTCATG-

39). To eliminate the potential existence of the chimeric transgenic

plants, new-born leaves from different branches of each regener-

ated plants were used for PCR identification. The transcript levels

of GsTIFY10a in the PCR-positive plants were further analyzed

by semi-quantitative RT-PCR analyses with gene specific primers

(59-ACAGAGCCAGCCTTCATTTCC-39 and 59-CGAACCCG-

ACTCACGAAGAAG-39). The alfalfa glyceraldehyde-3-phosphate

dehydrogenase gene (MtGAPDH, Accession: Medtr3g085850) was

used as an internal control, and PCR amplified with the following

primer pair (59-GTGGTGCCAAGAAGGTTGTTAT-39 and 59-

CTGGGAATGATGTTGAAGGAAG-39).

Phenotypic analyses of transgenic alfalfa under alkaline
stress

For phenotypic analyses under alkaline stress, the lignified WT

and transgenic alfalfa plants were used for vegetative propagation

through stem cuttings. The propagated seedlings were transplant-

ed into plastic culture pots filled with a mixture of peat moss: soil

(1:1; v/v), irrigated with 1/8 Hoagland nutrient solution and

grown in a greenhouse under controlled conditions. To eliminate

the potential existence of the chimeric transgenic plants, each

propagated seedlings were subjected for PCR identification before

stress treatment. PCR-positive plants with similar sizes (approx-

imately 25 cm high) were then exposed to alkaline stress by

irrigating with 1/8 Hoagland solution containing either 0, or 100,

or 150 mM NaHCO3 every 3 days for a total of 12 days.

Photographs were taken on the 12th day. Thirty plants of each line

were used for each experiment, and the experiments were

repeated for at least three times.

The MDA content was determined according to the protocol

described by Peever et al. [61]. The citric acid content was

determined by using a spectrophotometer (UV-2550, Shimadzu,

Japan) at the absorbance of 490 nm according to the method of

Zhu [62]. Free proline content was measured according to the

method of Bates et al. [63]. NADP-ME activity was measured as

described by Geer et al. [64].
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All of the above numerical data were subjected to statistical

analyses using EXCEL 2010 and/or IBM SPSS statistics 19, and

analyzed by Student’s T-test and/or one-way ANOVA analysis.

Quantitative real-time PCR analyses
To investigate the expression patterns of stress-responsive genes,

the 4-week-old seedlings after shoot cottage were treated with 1/8

Hoagland solution containing 50 mM NaHCO3 (pH 8.5) for 0, 3,

6, and 12 h, respectively. Equal amounts of leaves were harvested

and stored at 280uC after snap-frozen in liquid nitrogen.

Total RNA was extracted by using RNeasy Plant Mini Kit

(Qiagen, Valencia, CA, USA), and subjected to cDNA synthesis by

using SuperScriptTM III Reverse Transcriptase kit (Invitrogen,

Carlsbad, CA, USA). Quantitative real-time PCR was performed

using a Stratagene MX3000P real-time PCR instrument and the

SYBR Select Master Mix (Applied Biosystems, USA). The

MtGAPDH gene was used as an internal reference. Expression

levels of all candidate genes were calculated by using the 22DDCT

method, and the relative intensities were calculated and normal-

ized as described previously 65. Three independent biological

replicates were carried out and subjected to real-time PCR in

triplicate. Primers used for quantitative real-time PCR were

designed by using Primer 5 software and listed in Table 2.

Transcriptional activation assays
The full-length coding regions of GsTIFY10a and GsTIFY10e

were amplified by using the following primer pairs: 59-

CTTGAATTCTCGAGCTCATCGG-39 and 59-GAAGTCGA-

CGATTTGAGGTGAA-39 (for GsTIFY10a), 59-CGGGAATT-

CAATCCATGGAAC-39 and 59-GCCGTCGACTAACACAAA-

GCTGG-39 (for GsTIFY10e). The PCR products were cloned

to the pGBKT7 vector to express the GsTIFY10a-BD and

GsTIFY10e-BD fused proteins.

For the transcriptional activation assays, the corresponding

vectors pGBKT7 (negative control), pGBKT7-GsTIFY10a,

pGBKT7-GsTIFY10e and pGBKT7-AtbZIP1 (positive control)

were transformed into yeast strain AH109. The transformants

were selected on SD/-Trp medium. LacZ activity was analyzed by

using the b-galactosidase filter lift assay.

Dimerization analyses of GsTIFY10a and GsTIFY10b in
yeast cells

The full-length coding regions of GsTIFY10a and GsTIFY10e
were amplified by using the following primer pairs: 59-GCTCA-

TATGTCGAGCTCATCGG-39 and 59-CTTGAATTCGATT-

TGAGGTGAA-39 (for GsTIFY10a), 59- GCCCATATGACCT-

CAGTGGAG-39 and 59-GTTGGATCCTAACACAAAGCTG-

G-39 (for GsTIFY10e). The PCR products were cloned to the

pGADT7 vector to express the GsTIFY10a-AD and GsTIFY10e-

AD fused proteins.

For homodimerization analyses of GsTIFY10a and GsTI-

FY10e, the combinations pGBKT7-GsTIFY10a/pGADT7-GsTI-

FY10a and pGBKT7-GsTIFY10e/pGADT7-GsTIFY10e were

co-transformed into yeast strain AH109. For heterodimerization

analyses between GsTIFY10a and GsTIFY10e, the combinations

pGBKT7-GsTIFY10a/pGADT7-GsTIFY10e and pGBKT7-

GsTIFY10e/pGADT7-GsTIFY10a were co-transformed into

yeast. The pGBKT7-GsTIFY10a/pGADT7 and pGBKT7-GsTI-

FY10e/pGADT7 combinations were used as negative controls,

and the pGBKT7-AtbZIP63/pGADT7-AtbZIP63 combination

was used as a positive control. The transformants were selected on

SD/-Trp-Leu and SD/-Trp-Leu-His-Ade medium, respectively.

Bimolecular fluorescence complementation (BiFc) assays
The full-length coding region of GsTIFY10a was PCR

amplified and fused into the N-terminus of the amino-terminal

half of YFP protein (YFPN), to generate the GsTIFY10a-YFPN

construct. The coding regions of GsTIFY10a and GsTIFY10e
were fused into the N-terminus of the carboxyl-terminal half of

YFP protein (YFPC), to generate the GsTIFY10a-YFPC and

GsTIFY10e-YFPC construct.

BiFc assays were conducted by transient transformation of

Arabidopsis protoplasts prepared as described [66]. Yellow

fluorescence was measured by excitation at 514 nm and emission

at 527 nm, by using confocal laser-scanning microscope Leica SP2

(Leica, Wetzlar, Germany). YFP fluorescence, chlorophyll auto-

fluorescence and light visions were recorded in separate channels

and then merged into an overlay image.

Supporting Information

Figure S1 Expression patterns of the Arabidopsis and
wild soybean TIFY10/11 subgroup genes under 50 mM
NaHCO3 (pH 8.5) treatment based on the RNA-seq data.
a. Relative expression levels of the TIFY10/11 genes under

alkaline stress. The expression levels at 0 h were considered as 1.

b. Expression levels of the TIFY10/11 genes under alkaline stress.

(TIF)
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Table 2. Gene-specific primers used for quantitative real-time PCR assays.

Gene name Gene ID Primer Sequence (59 to 39)

GsGAPDH DQ355800 Forward: GACTGGTATGGCATTCCGTGT Reverse: GCCCTCTGATTCCTCCTTGA

GsTIFY10a Forward: TCCAGCGCAATTAAGTCTGTGAG Reverse: TTTGGTGGCATAGGACATGATCT

MtGAPDH Medtr3g085850 Forward: GTGGTGCCAAGAAGGTTGTTAT Reverse: CTGGGAATGATGTTGAAGGAAG

P5CS EU371644.1 Forward: TCGGGGTCCAGTAGGAGTTG Reverse: AGTAGTTAGGTCTTTGTGGGTGTAGG

H+-ppase XM_003609415.1 Forward: TCTCCACCGACGCATCTATCA Reverse: GGCATTATCCCAAGCACCG

NADP-ME XM_003630679.1 Forward: TGGCGGTGTTGAGGATGTCT Reverse: CTGACAGTGGGAGGTAAGAGGC

Citrate Synthase HM030734.1 Forward: TTAAAGCCAGGAAACGAAAGC Reverse: AAGGCAACAGCAACCTCAATC

doi:10.1371/journal.pone.0111984.t002

Positive Roles of TIFY10 Proteins in Response to Alkaline Stress

PLOS ONE | www.plosone.org 14 November 2014 | Volume 9 | Issue 11 | e111984



Author Contributions

Conceived and designed the experiments: DZ MS YZ. Performed the

experiments: DZ JW NZ. Analyzed the data: MS RL. Contributed

reagents/materials/analysis tools: YZ RL XL. Wrote the paper: DZ MS.

References

1. Xu J, Ji P, Wang B, Zhao L, Wang J, et al. (2013) Transcriptome sequencing and

analysis of wild Amur Ide (Leuciscus waleckii) inhabiting an extreme alkaline-

saline lake reveals insights into stress adaptation. PLoS ONE 8: e59703.

2. Sun Y, Wang F, Wang N, Dong Y, Liu Q, et al. (2013) Transcriptome

exploration in Leymus chinensis under saline-alkaline treatment using 454

pyrosequencing. PLoS ONE 8: e53632.

3. Zhang WJ, Niu Y, Bu SH, Li M, Feng JY, et al. (2014) Epistatic association

mapping for alkaline and salinity tolerance traits in the soybean germination

stage. PLoS ONE 9: e84750.

4. Han X, Cheng Z, Meng H (2012) Soil properties, nutrient dynamics, and soil

enzyme activities associated with garlic stalk decomposition under various

conditions. PLoS ONE 7: e50868.

5. Wang H, Wu Z, Han J, Zheng W, Yang C (2012) Comparison of ion balance

and nitrogen metabolism in old and young leaves of alkali-stressed rice plants.

PLoS ONE 7: e37817.

6. Guan Q, Wu J, Yue X, Zhang Y, Zhu J (2013) A nuclear calcium-sensing

pathway is critical for gene regulation and salt stress tolerance in Arabidopsis.

PLoS Genet 9: e1003755.

7. Xu W, Jia L, Shi W, Baluska F, Kronzucker HJ, et al. (2013) The tomato 14-3-3

protein TFT4 modulates H+ efflux, basipetal auxin transport, and the PKS5-J3

pathway in the root growth response to alkaline stress. Plant Physiol 163: 1817–

1828.

8. Liu J, Guo Y (2011) The alkaline tolerance in Arabidopsis requires stabilizing

microfilament partially through inactivation of PKS5 kinase. J Genet Genomics

38: 307–313.

9. Tong Z, Xie C, Ma L, Liu L, Jin Y, et al. (2014) Co-expression of bacterial

aspartate kinase and adenylylsulfate reductase genes substantially increases sulfur

amino acid levels in transgenic alfalfa (Medicago sativa L.). PLoS ONE 9:

e88310.

10. Li W, Wei Z, Qiao Z, Wu Z, Cheng L, et al. (2013) Proteomics analysis of alfalfa

response to heat stress. PLoS ONE 8: e82725.

11. Shi Y, Guo R, Wang X, Yuan D, Zhang S, et al. (2014) The regulation of alfalfa

saponin extract on key genes involved in hepatic cholesterol metabolism in

hyperlipidemic rats. PLoS ONE 9: e88282.

12. Bogino P, Abod A, Nievas F, Giordano W (2013) Water-limiting conditions alter

the structure and biofilm-forming ability of bacterial multispecies communities in

the alfalfa rhizosphere. PLoS ONE 8: e79614.

13. Sun M, Sun X, Zhao Y, Zhao C, Duanmu H, et al. (2014) Ectopic expression of

GsPPCK3 and SCMRP in Medicago sativa enhances plant alkaline stress

tolerance and methionine content. PLoS ONE 9: e89578.

14. Bai Y, Meng Y, Huang D, Qi Y, Chen M (2011) Origin and evolutionary

analysis of the plant-specific TIFY transcription factor family. Genomics 98:

128–136.

15. Ye H, Du H, Tang N, Li X, Xiong L (2009) Identification and expression

profiling analysis of TIFY family genes involved in stress and phytohormone

responses in rice. Plant Mol Biol 71: 291–305.

16. Qi T, Huang H, Wu D, Yan J, Qi Y, et al. (2014) Arabidopsis DELLA and JAZ

proteins bind the WD-repeat/bHLH/MYB complex to modulate gibberellin

and jasmonate signaling synergy. Plant Cell 26: 16.

17. Van der Does D, Leon-Reyes A, Koornneef A, Van Verk MC, Rodenburg N, et

al. (2013) Salicylic acid suppresses jasmonic acid signaling downstream of

SCFCOI1-JAZ by targeting GCC promoter motifs via transcription factor

ORA59. Plant Cell 25: 744–761.

18. Oh Y, Baldwin IT, Galis I (2013) A jasmonate ZIM-domain protein NaJAZd

regulates floral jasmonic acid levels and counteracts flower abscission in

Nicotiana attenuata plants. PLoS ONE 8: e57868.

19. Toda Y, Yoshida M, Hattori T, Takeda S (2013) RICE SALT SENSITIVE3

binding to bHLH and JAZ factors mediates control of cell wall plasticity in the

root apex. Plant Signal Behav 8.

20. Toda Y, Tanaka M, Ogawa D, Kurata K, Kurotani K, et al. (2013) RICE

SALT SENSITIVE3 forms a ternary complex with JAZ and class-C bHLH

factors and regulates jasmonate-induced gene expression and root cell

elongation. Plant Cell 25: 1709–1725.

21. Hakata M, Kuroda M, Ohsumi A, Hirose T, Nakamura H, et al. (2012)

Overexpression of a rice TIFY gene increases grain size through enhanced

accumulation of carbohydrates in the stem. Biosci Biotechnol Biochem 76:

2129–2134.

22. Song S, Qi T, Fan M, Zhang X, Gao H, et al. (2013) The bHLH subgroup IIId

factors negatively regulate jasmonate-mediated plant defense and development.

PLoS Genet 9: e1003653.

23. Ishiga Y, Ishiga T, Uppalapati SR, Mysore KS (2013) Jasmonate ZIM-domain

(JAZ) protein regulates host and nonhost pathogen-induced cell death in tomato

and Nicotiana benthamiana. PLoS ONE 8: e75728.

24. Demianski AJ, Chung KM, Kunkel BN (2012) Analysis of Arabidopsis JAZ gene

expression during Pseudomonas syringae pathogenesis. Mol Plant Pathol 13: 46–
57.

25. Thines B, Katsir L, Melotto M, Niu Y, Mandaokar A, et al. (2007) JAZ repressor

proteins are targets of the SCF(COI1) complex during jasmonate signalling.
Nature 448: 661–665.

26. Fernandez-Calvo P, Chini A, Fernandez-Barbero G, Chico JM, Gimenez-
Ibanez S, et al. (2011) The Arabidopsis bHLH transcription factors MYC3 and

MYC4 are targets of JAZ repressors and act additively with MYC2 in the

activation of jasmonate responses. Plant Cell 23: 701–715.

27. Niu Y, Figueroa P, Browse J (2011) Characterization of JAZ-interacting bHLH

transcription factors that regulate jasmonate responses in Arabidopsis. J Exp Bot
62: 2143–2154.

28. Song S, Qi T, Huang H, Ren Q, Wu D, et al. (2011) The Jasmonate-ZIM

domain proteins interact with the R2R3-MYB transcription factors MYB21 and
MYB24 to affect Jasmonate-regulated stamen development in Arabidopsis. Plant

Cell 23: 1000–1013.

29. Fonseca S, Fernandez-Calvo P, Fernandez GM, Diez-Diaz M, Gimenez-Ibanez

S, et al. (2014) bHLH003, bHLH013 and bHLH017 Are New Targets of JAZ

Repressors Negatively Regulating JA Responses. PLoS ONE 9: e86182.

30. White DW (2006) PEAPOD regulates lamina size and curvature in Arabidopsis.

Proc Natl Acad Sci U S A 103: 13238–13243.

31. Shikata M, Matsuda Y, Ando K, Nishii A, Takemura M, et al. (2004)

Characterization of Arabidopsis ZIM, a member of a novel plant-specific GATA

factor gene family. J Exp Bot 55: 631–639.

32. Ismail A, Riemann M, Nick P (2012) The jasmonate pathway mediates salt

tolerance in grapevines. J Exp Bot 63: 2127–2139.

33. Hu Y, Jiang L, Wang F, Yu D (2013) Jasmonate regulates the inducer of cbf

expression-C-repeat binding factor/DRE binding factor1 cascade and freezing

tolerance in Arabidopsis. Plant Cell 25: 2907–2924.

34. Seo JS, Joo J, Kim MJ, Kim YK, Nahm BH, et al. (2011) OsbHLH148, a basic

helix-loop-helix protein, interacts with OsJAZ proteins in a jasmonate signaling
pathway leading to drought tolerance in rice. Plant J 65: 907–921.

35. Chen P, Yan K, Shao H, Zhao S (2013) Physiological Mechanisms for High Salt

Tolerance in Wild Soybean (Glycine soja) from Yellow River Delta, China:
Photosynthesis, Osmotic Regulation, Ion Flux and antioxidant Capacity. PLoS

ONE 8: e83227.

36. Ge Y, Li Y, Zhu YM, Bai X, Lv DK, et al. (2010) Global transcriptome profiling

of wild soybean (Glycine soja) roots under NaHCO3 treatment. BMC Plant Biol
10: 153.

37. Zhu D, Cai H, Luo X, Bai X, Deyholos MK, et al. (2012) Over-expression of a

novel JAZ family gene from Glycine soja, increases salt and alkali stress
tolerance. Biochem Biophys Res Commun 426: 273–279.

38. Zhu D, Bai X, Chen C, Chen Q, Cai H, et al. (2011) GsTIFY10, a novel positive

regulator of plant tolerance to bicarbonate stress and a repressor of jasmonate
signaling. Plant Mol Biol 77: 285–297.

39. Zhu D, Bai X, Zhu YM, Cai H, Li Y, et al. (2012) [Isolation and functional
analysis of GsTIFY11b relevant to salt and alkaline stress from Glycine soja]. Yi

Chuan 34: 230–239.

40. Zhu D, Bai X, Luo X, Chen Q, Cai H, et al. (2013) Identification of wild
soybean (Glycine soja) TIFY family genes and their expression profiling analysis

under bicarbonate stress. Plant Cell Rep 32: 263–272.

41. Yang CW, Wang P, Li CY, Shi DC, Wang DL (2008) Comparison of effects of

salt and alkali stresses on the growth and photosynthesis of wheat.
Photosynthetica 46: 107–144.

42. Edwards GE, Andreo CS (1992) NADP-malic enzyme from plants. Phytochem-

istry 31: 1845–1857.

43. Garcia J, Torres N (2011) Mathematical modelling and assessment of the pH

homeostasis mechanisms in Aspergillus niger while in citric acid producing
conditions. J Theor Biol 282: 23–35.

44. Xiong H, Li J, Liu P, Duan J, Zhao Y, et al. (2014) Overexpression of

OsMYB48-1, a Novel MYB-Related Transcription Factor, Enhances Drought
and Salinity Tolerance in Rice. PLoS ONE 9: e92913.

45. Sun X, Li Y, Cai H, Bai X, Ji W, et al. (2012) The Arabidopsis AtbZIP1
transcription factor is a positive regulator of plant tolerance to salt, osmotic and

drought stresses. J Plant Res 125: 429–438.

46. Weltmeier F, Rahmani F, Ehlert A, Dietrich K, Schutze K, et al. (2009)
Expression patterns within the Arabidopsis C/S1 bZIP transcription factor

network: availability of heterodimerization partners controls gene expression
during stress response and development. Plant Mol Biol 69: 107–119.

47. Chini A, Fonseca S, Chico JM, Fernandez-Calvo P, Solano R (2009) The ZIM

domain mediates homo- and heteromeric interactions between Arabidopsis JAZ
proteins. Plant Journal 59: 77–87.

48. Siberil Y, Doireau P, Gantet P (2001) Plant bZIP G-box binding factors.
Modular structure and activation mechanisms. Eur J Biochem 268: 5655–5666.

Positive Roles of TIFY10 Proteins in Response to Alkaline Stress

PLOS ONE | www.plosone.org 15 November 2014 | Volume 9 | Issue 11 | e111984



49. Melotto M, Mecey C, Niu Y, Chung HS, Katsir L, et al. (2008) A critical role of

two positively charged amino acids in the Jas motif of Arabidopsis JAZ proteins
in mediating coronatine- and jasmonoyl isoleucine-dependent interactions with

the COI1 F-box protein. Plant J 55: 979–988.

50. Withers J, Yao J, Mecey C, Howe GA, Melotto M, et al. (2012) Transcription
factor-dependent nuclear localization of a transcriptional repressor in jasmonate

hormone signaling. Proc Natl Acad Sci U S A 109: 20148–20153.
51. Seo JS, Koo YJ, Jung C, Yeu SY, Song JT, et al. (2013) Identification of a novel

jasmonate-responsive element in the AtJMT promoter and its binding protein

for AtJMT repression. PLoS ONE 8: e55482.
52. Robson F, Okamoto H, Patrick E, Harris SR, Wasternack C, et al. (2010)

Jasmonate and phytochrome A signaling in Arabidopsis wound and shade
responses are integrated through JAZ1 stability. Plant Cell 22: 1143–1160.

53. Grunewald W, Vanholme B, Pauwels L, Plovie E, Inze D, et al. (2009)
Expression of the Arabidopsis jasmonate signalling repressor JAZ1/TIFY10A is

stimulated by auxin. EMBO Rep 10: 923–928.

54. Liu J, Zhu JK (1997) Proline accumulation and salt-stress-induced gene
expression in a salt-hypersensitive mutant of Arabidopsis. Plant Physiol 114:

591–596.
55. Mittler R (2002) Oxidative stress, antioxidants and stress tolerance. Trends Plant

Sci 7: 405–410.

56. Chung HS, Koo AJ, Gao X, Jayanty S, Thines B, et al. (2008) Regulation and
function of Arabidopsis JASMONATE ZIM-domain genes in response to

wounding and herbivory. Plant Physiol 146: 952–964.
57. Jiang S, Yao J, Ma KW, Zhou H, Song J, et al. (2013) Bacterial effector activates

jasmonate signaling by directly targeting JAZ transcriptional repressors. PLoS
Pathog 9: e1003715.

58. Yan Y, Stolz S, Chetelat A, Reymond P, Pagni M, et al. (2007) A downstream

mediator in the growth repression limb of the jasmonate pathway. Plant Cell 19:

2470–2483.

59. Chung HS, Howe GA (2009) A critical role for the TIFY motif in repression of

jasmonate signaling by a stabilized splice variant of the JASMONATE ZIM-

domain protein JAZ10 in Arabidopsis. Plant Cell 21: 131–145.

60. Alonso JM, Stepanova AN, Leisse TJ, Kim CJ, Chen H, et al. (2003) Genome-

wide insertional mutagenesis of Arabidopsis thaliana. Science 301: 653–657.

61. Peever TL, Higgins VJ (1989) Electrolyte leakage, lipoxygenase, and lipid

peroxidation induced in tomato leaf tissue by specific and nonspecific elicitors

from Cladosporium fulvum. Plant Physiol 90: 867–875.

62. de la Fuente JM, Ramirez-Rodriguez V, Cabrera-Ponce JL, Herrera-Estrella L

(1997) Aluminum tolerance in transgenic plants by alteration of citrate synthesis.

Science 276: 1566–1568.

63. Bates LS, Waldren RP, Teare ID (1973) Rapid determination of free proline for

water-stress studies. Plant and Soil 39: 3.

64. Geer BW, Krochko D, Williamson JH (1979) Ontogeny, cell distribution, and

the physiological role of NADP-malic enxyme in Drosophila melanogaster.

Biochem Genet 17: 867–879.

65. Willems E, Leyns L, Vandesompele J (2008) Standardization of real-time PCR

gene expression data from independent biological replicates. Anal Biochem 379:

127–129.

66. Yoo SD, Cho YH, Sheen J (2007) Arabidopsis mesophyll protoplasts: a versatile

cell system for transient gene expression analysis. Nat Protoc 2: 1565–1572.

Positive Roles of TIFY10 Proteins in Response to Alkaline Stress

PLOS ONE | www.plosone.org 16 November 2014 | Volume 9 | Issue 11 | e111984


